3 8 3 a r t I C l e S Layer 1 (L1) of the cerebral cortex is enigmatic 1 . Apart from a few inhibitory neurons, it consists mainly of horizontally running fibers that synapse onto the electrically remote apical tuft dendrites of layer 2/3 (L2/3) and layer 5 (L5) pyramidal neurons. These fibers convey important feedback information that is crucial for cognitive performance [2] [3] [4] . However, studies in vitro suggest that synaptic input to the distal tuft dendrites of pyramidal neurons has very little effect on either the axonal Na + initiation zone 5 or the closer Ca 2+ initiation zone in the apical dendrite 6 . This raises the question as to how synaptic input onto tuft dendrites can influence action potential generation. One possibility is that local NMDA receptor-dependent potentials, known as NMDA spikes 7 , enhance the generation of action potentials at the soma. This could explain why NMDA receptors are vital for the processing of feedback signals arriving in L1 (ref. 8).
Layer 1 (L1) of the cerebral cortex is enigmatic 1 . Apart from a few inhibitory neurons, it consists mainly of horizontally running fibers that synapse onto the electrically remote apical tuft dendrites of layer 2/3 (L2/3) and layer 5 (L5) pyramidal neurons. These fibers convey important feedback information that is crucial for cognitive performance [2] [3] [4] . However, studies in vitro suggest that synaptic input to the distal tuft dendrites of pyramidal neurons has very little effect on either the axonal Na + initiation zone 5 or the closer Ca 2+ initiation zone in the apical dendrite 6 . This raises the question as to how synaptic input onto tuft dendrites can influence action potential generation. One possibility is that local NMDA receptor-dependent potentials, known as NMDA spikes 7 , enhance the generation of action potentials at the soma. This could explain why NMDA receptors are vital for the processing of feedback signals arriving in L1 (ref. 8) .
Although NMDA spikes can be readily evoked in pyramidal neuron dendrites in vitro 7, 9 , their existence has never been conclusively demonstrated in vivo nor whether the conditions even exist for their generation [10] [11] [12] . Recent studies in vivo have demonstrated the importance of NMDA receptor activation in layer 4 (L4) somatosensory and L2/3 visual neurons for the tuning properties of cells, implying an importance for active dendritic processing 13, 14 . Nevertheless, it is still unclear whether NMDA receptor activation leads directly to local NMDA spikes in these cases or whether it has a more general role in widely activating the dendritic tree 15, 16 and/or stimulating other kinds of dendritic spikes 6 . NMDA spikes are so named because of the major conductance responsible, although, similar to other types of spikes, other channels may open during the process 7 . The important feature of any spike, in terms of the integrative process, is that it involves a thresholded event that results in a positive feedback loop of local membrane potential and current influx 17, 18 , often referred to as electrogenesis. A key characteristic of NMDA spikes is that they require both the binding of glutamate to NMDA receptor channels and the voltage-dependent ejection of Mg 2+ ions from the channel pore 19 . The consequence of these two simultaneous conditions is that NMDA spikes tend to be local without propagating actively for any distance and this in turn has vital computation consequences for patterned synaptic input 18, [20] [21] [22] .
We used a two-photon activatable version of the caged compound tc-MK801 that enables the specific block of NMDA receptors on the postsynaptic membrane in a restricted region of the dendritic tree 23, 24 to investigate whether local NMDA receptor-dependent electrogenesis occurs in the tuft dendrites of L2/3 pyramidal neurons under in vivo conditions. We found that NMDA spikes occurred in multiple dendritic branches both spontaneously and as a result of sensory input and have a major role in enhancing neuronal output.
RESULTS
We recorded dendritic Ca 2+ activity and action potential output in L2/3 pyramidal neurons in the hindlimb somatosensory cortex of urethane anesthetized rats (either sex) using single-cell two-photon Ca 2+ imaging and patch-clamp electrophysiology in vivo. Pyramidal neurons located approximately 250-450 µm below the cortical surface were passively filled with the Ca 2+ indicator Oregon Green BAPTA1 (OGB1) via a patch pipette (Fig. 1a) . Using this approach, local dendritic Ca 2+ changes could be measured from any dendritic region and correlated to action potentials recorded simultaneously with the patch pipette at the soma. We recorded large spontaneous Ca 2+ transients (>3 s.d.; Online Methods, Fig. 1b and Supplementary Fig. 1 ) that were localized to ~30 µm of the dendrite (Supplementary Fig. 1 ) and had stereotypical peak amplitudes (Supplementary Fig. 2 ). The simultaneous voltage recording from the soma showed that most of the dendritic Ca 2+ transients (214 of 229 transients in 42 dendrites a r t I C l e S from 11 neurons) were associated with somatic action potentials. However, most somatic action potentials (74 ± 4%) were not associated with Ca 2+ influx [25] [26] [27] ( Supplementary Fig. 2 ) and the peak amplitude of the Ca 2+ transients were not correlated to action potential frequency, which was typically below the critical frequency for Ca 2+ spikes 28 (Fig. 1c) . Moreover, the onset of the Ca 2+ transient typically occurred before the somatic action potential ( Supplementary  Fig. 2 ), further suggesting that these dendritic events were not caused by backpropagating action potentials. All but one of the restricted dendritic Ca 2+ transients occurred during an up-state. Taken together with their restricted spatial extent, these results suggest that electrogenic events occur spontaneously in the tuft dendrites of L2/3 pyramidal neurons in vivo.
Extracellular stimulation is routinely used to evoke NMDA spikes in vitro 6, 7, [29] [30] [31] , although their existence has not yet been demonstrated in the tuft dendrites of L2/3 pyramidal neurons. Using this approach (two pulses at 50 Hz), we found that the tuft dendrites of L2/3 pyramidal neurons were capable of generating local NMDA spikes in vitro (Supplementary Fig. 3 ). We tested whether the same extracellular stimulus could also evoke tuft electrogenesis in vivo. Indeed, large Ca 2+ transients were evoked at a distinct threshold during paired-pulse extracellular stimulation in vivo ( Fig. 1d and Supplementary Fig. 4 ). Next, we examined the NMDA dependence of this electrogenesis using a new caged form of the intracellular NMDA receptor blocker MK801 (100 µM, tc-MK801) 23, 24 , which blocked NMDA spikes when two-photon light (690 nm, effectively exciting in the ultraviolet range, ~3 min) was focused onto the dendritic branch of interest ( Supplementary Fig. 4 ). Local photoactivation of tc-MK801 prevented the suprathreshold Ca 2+ response, reducing it to the same amplitude (0.20 ± 0.03 ∆F/F) as the subthreshold response (0.22 ± 0.03 ∆F/F; Fig. 1e ). The use of extracellular stimulation in vivo allowed us to determine the expected Ca 2+ transient amplitude during an NMDA spike. Notably, the average peak Ca 2+ amplitude of extracellularly evoked NMDA spikes was the same as the spontaneous Ca 2+ transients (0.56 ± 0.08 ∆F/F versus 0.61 ± 0.01 ∆F/F, P > 0.05, n = 5 dendrites; Fig. 1e) , suggesting that the spontaneous events also arose from NMDA spikes.
The existence of electrogenesis in the tuft dendrites of L2/3 pyramidal neurons in the somatosensory cortex suggests that this mechanism might be important for sensory processing. Indeed, evidence for nonlinear dendritic processing of sensory input has been reported in the dendrites of L2/3, L4 and L5 neurons in vivo 13, 14, 32 . We tested this in vivo during sensory stimulation of the contralateral hindpaw (single pulse of 100 V, 1 ms). In half of the neurons that we tested, we detected npg a r t I C l e S at least one tuft branch that responded to hindpaw stimulation with a large local Ca 2+ transient similar to the spontaneous Ca 2+ events. Of these, 22 ± 3% of hindpaw stimulation trials had a large local Ca 2+ transient, which always resulted in an action potential at the soma (n = 11 branches; Fig. 2a-c) . In contrast, hindpaw stimulation that did not evoke dendritic activity also did not usually evoke action potentials. In those cases in which action potentials were evoked without a dendritic Ca 2+ transient, the number of action potentials was significantly less (2.1 ± 0.2 versus 3.9 ± 0.7 action potentials, n = 11 branches, P < 0.05). Similar dendritic sensory responses were evoked during more physiological stimulation provided by air puffs (40 psi) onto the hindpaw. In these experiments, hindpaw stimulation evoked on average 1.2 ± 0.3 action potentials ( Supplementary Fig. 5 ) and we detected large local Ca 2+ transients similar to the spontaneous Ca 2+ events in half of the tuft dendrites that we tested. Of these, air puffs evoked a local Ca 2+ transient in 18 ± 3% of hindpaw stimulation trials (n = 16; Supplementary Fig. 5 ). This suggests that sensory stimuli can reliably evoke NMDA spikes and that these spikes strongly influence the spiking output of the neuron.
To quantify the influence of local dendritic electrogenesis on somatic output action potentials, we compared spatially restricted block with global block of NMDA receptors using tc-MK801 (Supplementary Fig. 6 ) and intracellular MK801 (1 mM; Fig. 2a) . Local uncaging almost completely abolished the Ca 2+ responses on the affected branch without affecting the electrical responses evoked at the soma (n = 11, P < 0.05; Fig. 2a-c) , illustrating that isolated NMDA spikes in single tuft branches have little influence on somatic activity, as predicted by in vitro experiments 6 . Conversely, global block of NMDA receptors abolished both local dendritic Ca 2+ transients and somatic action potentials in response to both brief electrical (n = 16; Fig. 2a-c) and airpuff (n = 15; Supplementary Fig. 5 ) hindpaw stimulation. Furthermore, global, but not local, block of NMDA receptors also significantly decreased the spontaneous firing rate from 0.18 ± 0.05 Hz (n = 11 neurons) to 0.05 ± 0.02 Hz (n = 6 neurons, P < 0.05; Fig. 2d ,e) without altering the resting membrane potential (control, −71.0 ± 3.4 mV, n = 11; MK801, −71.3 ± 5.0 mV, n = 6). Given that blocking all NMDA electrogenesis has a large effect on neuronal activity, dampening both spontaneous and evoked output, this suggests that NMDA receptor-dependent electrogenesis is typically distributed over many branches following sensory stimuli. Moreover, global block of NMDA receptors using intracellular MK801 had no effect on either the amplitude (control, 17.7 ± 1.7 mV; MK801, 17.3 ± 1.9 mV), half-width (control, 0.51 ± 0.04 s; MK801, 0.54 ± 0.11 s) or frequency (control, 1.3 ± 0.1 Hz; MK801, 1.1 ± 0.1 Hz) of up-states recorded 30 min post whole-cell in L2/3 pyramidal neurons (n = 11, P > 0.05; Fig. 2f ) consistent with recent data in L2/3 neurons in vivo 14, 33 . Given that up-states are generated from barrages of synaptic activity 33, 34 , this indicates that the effect on action potential output by tuft electrogenesis did not arise simply from the reduction of synaptic transmission, per se, and implies a dependence on NMDAdependent electrogenesis.
Thus far, our data suggest that NMDA-dependent electrogenesis in the tuft has a strong influence on action potential generation. However, is the converse true? That is, does action potential activity influence the generation of NMDA spikes in the tuft? To examine this, we blocked action potential activity pharmacologically by including the Na + channel blocker QX-314 (10 mM) in the patch pipette (Fig. 3a) . Without backpropagating action potentials, spontaneous dendritic Ca 2+ transients occurred even more frequently in all regions of the tuft ( Fig. 3 and Supplementary Fig. 7 ). These events had the same spatial extent as control transients (~30 µm; Supplementary  Fig. 7 ), occurred in both single and multiple dendrites simultaneously ( Supplementary Fig. 7 ), were blocked by local and global NMDA receptor antagonists ( Supplementary Fig. 8 ), and were synaptic (not Ca 2+ release from ryanodine-sensitive internal stores; Supplementary  Fig. 8 ). Furthermore, local extracellular stimulation of a tuft dendritic branch with QX-314 evoked local dendritic Ca 2+ transients at a fixed stimulus threshold that were blocked by local uncaging of tc-MK801 (Supplementary Fig. 8 ). Large Ca 2+ transients were also recorded in control dendrites when action potentials were prevented by hyperpolarizing the soma via the patch pipette (200-400 pA, n = 4). Taken together, these data indicate that the generation of NMDAdependent electrogenesis is not dependent on backpropagating action potentials.
By preventing action potentials, it is possible, in principle, to quantify the influence of spontaneous NMDA-dependent electrogenesis on the somatic membrane potential. However, QX-314 is known to partially block various other conductances, such as I h , voltagesensitive Ca 2+ and K + channels, and G protein-activated inwardly rectifying K + channels [35] [36] [37] [38] [39] , which could affect both the active and passive properties of the dendritic tree. We therefore examined the effect of QX-314 under more controlled conditions in vitro. As in vivo ( Fig. 1 and Supplementary Fig. 8 ), local extracellular stimulation in vitro evoked AP5-sensitive NMDA spikes before and after inclusion of QX-314 in the patch pipette (Supplementary Fig. 9 ). Further stimulation npg a r t I C l e S of the dendrite after AP5 had no effect, suggesting that additional active conductances (resulting from Ca 2+ channels) have a minor role during NMDA spikes in this neuron. Nonetheless, the amplitude of the somatic voltage resulting from dendritic NMDA spikes increased 2.3 ± 0.2-fold (n = 6; Supplementary Fig. 9 ). We attribute this to the recorded increase in input resistance (by 49 ± 15%), which was confirmed using a multicompartmental model (Supplementary Fig. 10 ).
Using this value as the scaling factor for the somatic voltage response recorded simultaneously during tuft Ca 2+ transients in vivo, we calculated that the influence of spontaneous NMDA spikes on somatic voltage was, on average, 14.4 ± 0.8 mV (n = 11; Fig. 3b ). Most of this somatic voltage was a result of synaptic input to the tuft because large somatic voltage potentials nearly always correlated with spontaneous Ca 2+ transients in the tuft dendrite (92 ± 4%, n = 11 dendrites) and only rarely with Ca 2+ activity in the basal dendrites in 21.2 ± 6% of cases (n = 7 dendrites, P < 0.05; Fig. 3c,d ). This might indicate that there is typically more input to the tuft than the basal dendrite for the situations we tested (spontaneous or sensory-evoked activity) or that conditions in the tuft are more favorable for electrogenesis. What is the spatial extent of NMDA electrogenesis in the tuft dendrites leading to neuronal output? The rare isolated events found under control conditions (Fig. 1b) depolarized somatic membrane potential by on average only 2.7 mV (n = 15 of 229 Ca 2+ transients), which is consistent with the relatively small influence on somatic membrane potential when restricting NMDA receptor block to single branches (Fig. 2) . For this reason, along with the more typical estimated depolarization of ~14 mV, it is likely that events leading to somatic action potentials typically involve multiple branches simultaneously. We tested this directly by imaging from multiple (2-4) branches and found that regions of adjacent tuft dendrites were usually simultaneously active (83 ± 2% of Ca 2+ transients occurred in multiple branches, n = 36 dendrites; Fig. 4 ). There was no difference between the Ca 2+ transients when they occurred on single or multiple branches in their average amplitude (paired data; 0.75 ± 0.13 ∆F/F versus 0.91 ± 0.13 ∆F/F; Fig. 4c ) or maximum somatic firing frequency (55.67 ± 7.09 Hz versus 48.50 ± 2.21 Hz, P > 0.05, n = 36). Even though these events were detectable on multiple branches, the calcium transients were not contiguous, but were still spatially restricted to ~30 µm. This spatial profile was not influenced by Na + or other voltage-sensitive channels, as the spread of the Ca 2+ transients was similar during intracellular QX-314 ( Fig. 4d and Supplementary Fig. 7 ). Being both ligand gated and voltage dependent, NMDA spikes depend simultaneously on the distribution of extracellular glutamate 20, 22 and intracellular membrane potential. However, as the spatial profile of Ca 2+ transients did not change with QX-314 (despite the change in synaptic depolarization), NMDA receptor-dependent electrogenesis is most likely predominantly determined by the spatial profile of bound glutamate.
To establish the causal role of NMDA spikes in somatic action potential firing, it was necessary to manipulate the activity of NMDA receptors under the tightly controlled conditions provided by anesthesia. It is now clear that active dendritic spikes occur in the awake state in the apical dendrites of pyramidal neurons and are important for behavior 14, 32 ; however, the role of threshold-dependent NMDA spikes in these processes has not yet been shown. Establishing whether spatially restricted Ca 2+ transients occur in the awake state is crucial for determining whether local dendritic electrogenesis contributes to active sensory processing. To investigate this, we used two-photon microscopy to image dendritic Ca 2+ transients from distal npg a r t I C l e S tuft branches of L2/3 pyramidal neurons labeled with a genetically encoded calcium indictor (GCaMP6) 40 through a chronic imaging window in the awake state (Online Methods and Fig. 5a ). In a subset of tuft dendrites tested, local dendritic Ca 2+ transients were indeed spatially restricted (26 ± 5 µm, n = 9; Fig. 5b,c) , highlighting the occurrence of local dendritic signaling in the awake state. Distal tuft dendrites are the target of feedback input 41 . We were able to simulate such input by placing an extracellular stimulating pipette into L1 approximately above the recorded cell and applying paired-pulse stimulation (50 Hz ; Fig. 6a ). L1 stimulation alone did not evoke a Ca 2+ response in tuft dendrites; however, when paired with hindpaw stimulation, a Ca 2+ response was evoked in 53 ± 8% of the trials, which was significantly more frequent than hindpaw stimulation alone (n = 6, P < 0.05; Fig. 6b,c) . These paired L1 and sensory stimulation responses were completely abolished by local NMDA receptor block (Fig. 6b,c) and had similar amplitudes to spontaneous Ca 2+ transients (1.01 ± 0.22 ∆F/F versus 1.23 ± 0.10 ∆F/F, n = 6, P > 0.05; Fig. 6d ). This therefore suggests that NMDA spikes can associate top-down input (recruited by L1 stimulation) and bottom-up input (recruited by hindpaw stimulation) arriving simultaneously.
The experimental data demonstrate the importance of NMDA electrogenesis for neuronal output. To quantify this effect, we examined the influence of the spatial distribution and NMDA:AMPA composition of synaptic inputs to the tuft in generating action potential output using the NEURON simulation platform (Online Methods, Fig. 7 and Supplementary Fig. 10 ). We first modeled local NMDA receptor-dependent dendritic spikes similar to the experimental data using focal dendritic input (Fig. 7a-c) . We were able to simulate dendritic NMDA spikes resulting from approximately eight simultaneous synaptic inputs 6 in a 30-µm segment of dendrite. We next tested the importance of tuft NMDA conductances on neuronal output during network activity. To achieve this, we simulated background subthreshold synaptic input using 100 randomly distributed NMDA and AMPA synapses over the entire dendritic tree (based on experimental data; up-state amplitude, 17.3 ± 1.7 mV; duration, 0.5 ± 0.04 s; n = 11; Fig. 7d ). Under these conditions, somatic action potentials could be evoked with an additional 40 NMDA and AMPA synaptic inputs that were randomly distributed over the tuft dendrite (Fig. 7d-f) . However, using AMPA-only synaptic inputs (adjusted to have the same conductance as the previous NMDA and AMPA inputs) required fourfold more inputs (that is, 160) to evoke somatic action potentials (Fig. 7f) . The model further demonstrates the importance of tuft NMDA receptor-dependent electrogenesis by revealing that NMDA conductances in several branches of the tuft dendrite are necessary for somatic action potential firing ( Fig. 2 and Supplementary Fig. 11 ). These results highlight the importance of NMDA receptor-dependent electrogenesis in the tuft dendrite, which far outweighs the passive influence of tuft synaptic input on the soma 27, 42, 43 . npg a r t I C l e S DISCUSSION Our results suggest the existence of large Ca 2+ transients in the tuft dendrites of L2/3 pyramidal neurons that occur both spontaneously and in response to sensory stimulation, in both anesthetized and awake animals. These Ca 2+ transients were localized in single branches of the tuft dendrites and were abolished by a caged NMDA receptor antagonist that locally blocks NMDA channels in very confined regions with two-photon activation. These transients were most readily evoked by simultaneous sensory stimulation and activation of L1 feedback fibers. Although NMDA spikes can be evoked in the basal dendrites of L2/3 pyramidal neurons in vitro 30 , their existence has not been demonstrated in the tuft dendrites in vitro or in vivo or under awake conditions. Here, in vitro and in vivo experiments as well as computer simulations revealed that the tuft dendrites of L2/3 pyramidal neurons can indeed support local NMDA receptor-dependent electrogenesis in both the anesthetized and awake states. Previous experiments have demonstrated the existence of Na + and Ca 2+ spikes in these dendrites 27, 28 . In particular, a recent study in vivo using direct patch recordings in the basal dendrites of L2/3 pyramidal neurons of the visual cortex found compound dendritic spikes in the apical dendrite that were dependent on dendritic NMDA receptor activity 14 . In theory, the Ca 2+ transients that we observed in these dendrites in vivo could be a result of any of the various types of regenerative potentials mentioned above as well as backpropagating action potentials 12 . However, there are multiple lines of evidence indicating that the events we recorded were primarily the result of regeneratively evoked NMDA spikes. These include the facts that the dendritic Ca 2+ transients were dependent on NMDA receptors, occurred in the absence of backpropagating action potentials, were restricted to 30 µm of dendrite (unlike action potentials or single synaptic inputs), appeared in multiple locations, were broader than Ca 2+ transients expected from Ca 2+ spikes in these neurons 28 , were evoked in the fine tuft branches (unlike Ca 2+ spikes 6 ), were also found in basal dendrites (unlike Ca 2+ spikes 44 ), could be evoked by extracellular stimulus with a distinct threshold, failed to increase after increased extracellular stimulus strength (in vitro), and were not blocked by QX-314 that downregulates both Na + and Ca 2+ channels. Taken together, these results suggest that the dendritic Ca 2+ transients were not a result of back-propagating action potentials, dendritic Ca 2+ spikes (plateau potentials) or passive summation of local synaptic input, but were instead consistent with the regenerative activation of NMDA receptor channels.
NMDA conductances contribute to the amplitude and duration of EPSPs when the membrane potential provides enough depolarization to unblock Mg 2+ ions from the NMDA receptor channel pore 19 . Normally, this would lead to a boosting of the EPSP amplitude that is not 'regenerative' , that is, does not recruit neighboring NMDA receptors, as the nearby NMDA receptors do not have bound glutamate and remain closed. Only in the circumstance when enough NMDA receptors bind glutamate in a small area (that is, when many nearby synapses are activated simultaneously 22 ) is it possible for the NMDA receptors to act cooperatively to produce a spike 17 . This can be detected in the form of a clear threshold when the input is increased uniformly with extracellular stimulation or uncaging of glutamate 7 . To further establish the spike-like nature of the Ca 2+ transients that we recorded, it was therefore crucial to evoke thresholded, NMDA receptor-dependent events with controlled incremental stimulation (both in vivo and in vitro). This was achieved using extracellular stimulation, which evoked suprathreshold Ca 2+ transients that had the same amplitude and duration as the spontaneous and sensory stimulus-evoked Ca 2+ transients. The situation is further complicated by the fact that dendritic NMDA spikes can go on to recruit other channels 34 and other forms of dendritic electrogenesis 6 , which may account for the complex dendritic responses seen under behavioral conditions 14, 32 .
To date, it has been difficult to demonstrate the existence of NMDAdependent dendritic spikes in vivo because wholesale blockade of NMDA receptors substantially changes the profile of synaptic input to the cell. This makes it impossible to distinguish the blockade of regenerative spikes per se from the absence of the driving conditions (sufficient synaptic input). Thus, it has been possible to establish that NMDA receptor activation is crucial for dendritic activity 14 and for calcium influx during up-states 33 , but not the nature of the underlying NMDA receptor activation. Using a two-photon uncageable NMDA antagonist in this study made it possible to block NMDA receptors locally in situ during a physiologically relevant situation and to prevent local NMDA spike generation in single branches. This localized block had very little effect on action potential spiking in L2/3 pyramidal neurons in contrast with the marked effect of global intracellular block of NMDA receptors with MK801. Similar results were reported recently in L2/3 and L4 neurons, in which global block of NMDA receptors with intracellular MK801 substantially affected the tuning properties of neurons 13, 14 .
The underlying conductances contributing to NMDA spikes have been well characterized in vitro and in computer simulations 7, 17, 21, 45 . Both voltage-sensitive Ca 2+ and Na + channels are activated during NMDA spikes, but are not necessary for spike generation (that is, the NMDA spike remains in the presence of Ca 2+ and Na + channel blockers 7 ). In our experiments, we observed no significant change in the amplitude of the Ca 2+ transients with the Na + channel blocker QX-314, despite the fact that this compound is known to also partially block voltage-sensitive Ca 2+ channels (as well as other conductances [35] [36] [37] [38] [39] . Because of the possible side effects of QX-314, it was impossible to rule out a contribution by voltage-sensitive channels to the Ca 2+ transients that we observed. However, as local and global block of NMDA receptors totally abolished the Ca 2+ transients and no further regenerative potentials were evoked by increasing extracellular stimulation after addition of AP5, we conclude that these channels do not contribute in a substantial or spike-dependent fashion. This is also consistent with the known lack of Ca 2+ spike initiation in thin tuft dendrites 6 and with the spatially restricted nature of the observed Ca 2+ transients that were quite unlike the global activation of Ca 2+ channels during dendritic Ca 2+ spikes 32 . Similar spatially restricted Ca 2+ transients were recorded in both the anaesthetized and awake state, illustrating local dendritic activity indicative of local spikes during alert wakefulness. Do NMDA spikes in the tuft dendrites have a crucial influence on action potential generation? Global block of NMDA channels postsynaptically had a marked influence on the action potentials evoked by sensory input while having a negligible effect on subthreshold synaptic integration (as determined by the size and duration of up-states). On the other hand, blocking action potentials with the Na + channel blocker QX-314 in the patch pipette or hyperpolarization of the somatic membrane did not prevent the generation of NMDA spikes. Taken together, these two facts suggest a causal influence of NMDA spikes on action potential generation. We quantified these effects both in vitro and in computational simulations and were consequently able to estimate that the influence of multiple NMDA spikes in the tuft dendrites was, on average, 14 mV at the cell body. From the modeling data, we estimate that this is approximately a fourfold greater influence on somatic depolarization than the same npg a r t I C l e S synaptic input in the absence of NMDA conductance. We therefore conclude that NMDA spikes have a vital role in the integrative properties of these pyramidal neurons leading to the generation of action potentials.
The defining characteristic of NMDA receptor activation is the requirement for simultaneous ligand binding (here, glutamate) and depolarization (unblock of Mg 2+ ). It is this requirement that causes the reported spatial restriction and leads to important computational possibilities 20, 21 . Given that NMDA spikes enable local integration, they therefore make the neuron more sensitive to particular combinations of synaptic input. In this context, NMDA spikes will tend to maximize the influence of input converging on a particular dendritic branch 22 . This is consistent with the finding that local NMDA spikes occurred overwhelmingly during up-states (that is, during barrages of synaptic input). In vitro experiments in L5 pyramidal neurons showed that multiple NMDA spikes in the tuft dendrites lead to increased spiking output via the activation of apical dendritic Ca 2+ spikes 6 . Unlike L5 pyramidal neurons 46, 47 , however, L2/3 neurons do not have such a highly electrogenic Ca 2+ spike initiation zone in the apical dendrite 48 , which is consistent with the lack of global tuft Ca 2+ events found in our study in comparison with L5 pyramidal neurons 32 . It is therefore not unlikely that NMDA spikes also occur in L5 neurons in vivo, but are masked by the generation of global Ca 2+ spikes throughout the tuft dendrite 32 . The corollary is that NMDA spikes in the tuft dendrites of L2/3 pyramidal neurons appear to have a larger direct influence on action potential generation in the axon.
Long-range fibers conveying feedback information tend to target cortical L1 (ref. 41 ), a fact that has long seemed mysterious 1 . It has been suggested that NMDA receptors in the tuft dendrites might serve to compensate for the remoteness of this important synaptic input 6, 49 . We found that the response in L2/3 pyramidal neurons to sensory input was greatly enhanced by coincident NMDA-dependent synaptic input to the tuft region. A recent study has demonstrated the importance of NMDA receptors for processing feedback signals arriving in L1 (ref. 8). Our results are entirely consistent with those of the previous study and suggest that NMDA receptordependent input to this region of the cell not only increases its effectiveness on action potential output, but also makes this influence conditional on the association of feedforward and feedback information streams 50 .
In conclusion, the tuft dendrites of L2/3 pyramidal neurons can sustain local regenerative NMDA-dependent electrogenesis that decisively influences spiking output. Despite the fact that these events are difficult to detect with conventional recordings from the cell body, they are likely to have a substantial influence on sensory processing and network activity in the cortex.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Anesthetized in vivo and in vitro surgical preparation. All experiments were conducted in strict accordance with the guidelines given by the veterinary office of the canton Bern, Switzerland and The Florey Institute of Neuroscience, Landesamt für Gesundheit und Soziales Berlin and Mental Health Animal Ethics Committee, Australia. For in vivo experiments under anesthesia, Wistar rats (P28-39) were initially anesthetized with isoflurane (~3% in O 2 , vol/vol, Abbott) before urethane anesthesia (1.4 g per kg of body weight, Sigma) was administered intraperitoneally and lidocaine (1%, wt/vol, Braun) was injected around the surgical site. Body temperature was maintained at ~36 °C and the depth of anesthesia was monitored throughout the experiment and, when necessary, anesthesia was topped-up with 10% of the initial urethane dose. Once anesthetized, the head was stabilized in a stereotaxic frame by a head-plate attached to the skull with dental cement (paladur, Heraeus). A craniotomy was then performed above the primary somatosensory cortex (~1.5 × 1.5 mm square), centered at 1.5 mm posterior to bregma and 2.2 mm from midline, and the dura mater surgically removed. The craniotomy was filled with 2% agarose (wt/vol, Sigma) in a solution containing 125 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgSO 4 , 10 mM HEPES and 10 mM glucose, adjusted to pH 7.3-7.4 with NaOH, and covered with a coverslip. The area was then submerged with rat ringer for the entire experiment (135 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES).
For in vitro experiments, Wistar rats (P30-35) were anesthetized with 95% CO 2 / 5% O 2 before decapitation. The brain was then rapidly transferred to icecold, oxygenated artificial cerebrospinal fluid (ACSF) containing 125 mM NaCl, 25 mM NaHCO 3 , 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 1 mM MgCL 2 , 25 glucose and 2 mM CaCl 2 (pH 7.4). Parasagittal slices of the primary somatosensory cortex (300 µm thick) were cut with a vibrating microslicer (Leica) and incubated at 37 °C for 30 min and subsequently maintained at ~22 °C. Somatic whole-cell patch recordings were made from visually identified L2/3 pyramidal neurons using infrared Dodt gradient contrast and a CCD camera (Coolsnap ES, Roper Scientific). During recordings, slices were bathed in ACSF maintained at 33-35 °C.
Virus injection and chronic window surgery for awake in vivo experiments. Mice (P9-13) were anesthetized with isoflurane (~2% in O 2 , vol/vol) and a small hole (~0.5 × 0.5 mm) was made over the primary somatosensory cortex (~2 mm posterior and 0.5 mm lateral to bregma). The dura was left intact and the genetic Ca 2+ indicator GCaMP6 (AAV1.Syn.GCaMP6s.WPRE.SV40; UPenn Vector Core, AV-1-PV2824) was slowly injected from a microcapillary pipette (~50 nl) at a depth of 400 µm. The skin was then sutured and the pup returned to the mother for ~2-3 weeks. After this recovery/expression period, a cranial window was performed. Mice were anesthetized with isoflurane (~2% in O 2 , vol/vol) and a craniotomy (3 mm diameter) was made over the primary somatosensory cortex where the virus was injected. The craniotomy was covered with a circular coverslip (diameter 3 mm, size #1) and a head-post was attached to the skull with dental acrylic to permit head fixation. Mice were allowed to recover for at least 3 d before water restriction (5-2 cycle, 1 ml a day on restricted days; unlimited access to food) and head-restraint habituation. Mice were slowly and carefully trained for head-restraint for up to 14 d before two-photon imaging over the cranial window was performed.
Intrinsic optical imaging.
In all in vivo experiments, intrinsic optical imaging was first performed to identify the hindlimb sensorimotor cortex. The cortical surface was visualized with green (~530 nm) light to enhance contrast and switched to red (~600 nm) light for functional imaging captured with a CCD camera (Teli) coupled to a 50-mm and 25-mm lens (Navitar). The signal was measured in alternating sweeps before and during contralateral hindlimb stimulation (300 ms, 30-s inter-stimulus interval). The intrinsic signal was measured as the difference in the reflected light before and during stimulus and was mapped onto the blood vessel pattern to be targeted during experiments. electrophysiological methods. For both in vivo and in vitro experiments, whole-cell patch-clamp recordings were obtained from pyramidal neurons using a patch pipette (resistance 6-9 MΩ) filled with an intracellular solution containing 135 mM potassium gluconate, 4 mM KCl, 10 mM HEPES, 10 mM sodium phosphocreatine, 4 mM Mg-ATP, 0.3 mM Na-GTP, 0.2% biocytin (wt/vol), adjusted to pH 7.3-7.4 with NaOH. To measure Ca 2+ activity, Oregon Green BAPTA 1 (OGB1, 200-500 µM, Invitrogen) was included in the in vivo patch pipette and to aid visualization, Alexa Fluor 594 (Invitrogen, 75 µM) was included in all the in vitro and most in vivo patch pipettes. In vitro and in vivo whole-cell voltage recordings were performed from the soma using Dagan BVC-700A amplifiers and were filtered at 10 kHz. For in vivo recordings, the pipette was inserted at a 30-degree angle into the brain to a vertical depth of 400 µm before being advanced at steps of 1 µm until a cell was encountered (initial access resistance following whole-cell were typically ~50 MΩ). Because the in vivo recordings were performed blind, pyramidal neurons were identified according to both their voltage response to current steps and, where possible, biocytin Neurolucida reconstruction. On occasion, holding current was applied to the neuron in vivo via the whole-cell recording pipette (~50 pA) to increase cell excitability. Custom-written Igor software was used for both acquisition and analysis and no correction was made for the junction potential.
two-photon ca 2+ imaging. In the anesthetized preparation, neurons were passively filled with the Ca 2+ indicator OGB1 using the blind, whole-cell patch method (see above). To limit background fluorescence, recordings were typically made in the first three pipette insertions into the brain. After greater than 45-min filling, Ca 2+ dynamics in dendrites at different depths were measured in vivo using a custom-built two-photon microscope with a titanium sapphire laser (860 nm, 140-fs pulse width, SpectraPhysics MaiTai Deepsee) passed through a 40× water immersion objective (Olympus, 0.8 NA). Ca 2+ signals were typically obtained in full-frame mode (128 × 128 pixels) and were acquired at a frequency of 8 Hz, unless otherwise stated. Faster imaging rates (50-100 Hz) were obtained by restricting the spatial range of the axis (80 × 40 pixels or 128 × 10 pixels). Customwritten labview software (National Instruments) controlled the microscope movement (courtesy of Florent Haiss and Bruno Weber) and scan mirrors (courtesy of Dominik Langer and Fritjof Helmchen). Emission light was collected using photomultiplier tubes (Hamamatsu). To minimize photodamage, the excitation laser intensity was adjusted to the minimal value possible depending on the depth of the focal plane. The imaging depth was restricted to ~500 µm, which enabled imaging from all of the dendritic regions of L2/3 pyramidal neurons. Individual dendritic branches were only imaged once per experiment to limit branch-specific photodamage, and branch morphology was assessed at the start and end of an experiment and the data excluded if photodamage was detected.
Two-photon imaging of the Ca 2+ dynamics in dendrites transfected with the genetic Ca 2+ indicator GCaMP6 was performed with a Thorlabs B-scope (Sterling, Virginia) with a titanium sapphire laser (920 nm, 140-fs pulse width, Coherent Chameleon). Ca 2+ signals were typically captured at a frequency of 16 Hz (512 × 512 pixels) by a GaAsP photomultiplier tube (Hamamatsu). Experiments with awake mice were performed under head fixation, during which mice could routinely groom and move their limbs. However, the reported Ca 2+ transients were recorded while the mouse was in quiet wakefulness when brain movement (in either x, y or z axis) was minimal. Background white-noise was continuously played during recording trials to limit acoustic disturbances.
For in vitro experiments, neurons (filled with Alexa Fluor 594) were visualized using confocal microscopy (514 nm, argon laser) and uncaging was achieved using a two-photon femtosecond laser source (710-730 nm, SpectraPhysics MaiTai), both which were coupled to a laser-scanning microscope (TCS SP2RS, Leica Microsystems) equipped with a 40× water immersion objective (NA 0.8). Two-photon uncaging was performed in full-frame mode, which was restricted to the dendrite of interest.
Stimulation and drug application. Local block of NMDA receptors restricted to single branches was achieved by filling neurons with a caged form of the intracellular NMDA receptor blocker MK801 (100 µM, tc-MK801) 23, 24 via the patch pipette. Control conditions were recorded before uncaging tc-MK801 by focusing two-photon light (690 nm, 140-fs pulse width, typically 3 min) onto the dendrite of interest in full frame mode (8 Hz) using the same light path as described above for Ca 2+ imaging. Global block of NMDA receptors was typically achieved by including MK801 (1 mM, Tocris) in the patch pipette, but was also achieved via cortical application of AP5 (50 µM) where stated. Global block of Na + channels was achieved by including QX-314 bromide (1 mM, Tocris) in the patch pipette. For the QX-314 in vitro experiments, NMDA spikes were first evoked in neurons patched with control intracellular solution before the neurons were repatched with intracellular solution containing QX-314. 
